E scherichia coli sequence type 131 (ST131) is a recently emerged, extensively antimicrobial-resistant E. coli clonal group that has spread explosively throughout the world, driving the rapid increase in prevalence of antimicrobial resistance in E. coli (1-5). Such widespread expansion of a single clonal group is unprecedented in E. coli populations, although it has been seen in other antimicrobial-resistant pathogens such as methicillin-resistant Staphylococcus aureus, penicillin-resistant Streptococcus pneumoniae, and the NAP1 strain of Clostridium difficile (6, 7), and was foreshadowed by the notorious but less extensive expansion of E. coli "clonal group A" (8-10). Despite ST131 being recognized as a pandemic clonal group that threatens public health, ST131 has received comparatively less attention in the United States than have other antimicrobial-resistant pathogens. Here we review the epidemiology and molecular phylogeny of ST131, possible mechanisms for its ecological success, and implications of its widespread dissemination.
more health care-associated infections than community-associated infections (20, 28) .
Other epidemiologic and ecologic associations include ST131's predilection for elderly hosts and its high prevalence among longterm-care-facility (LTCF) residents in both the United States (20) and Europe (29) (30) (31) (32) (33) (34) . Additionally, infections due to ESBL-positive ST131 have been associated with international travel (26, (35) (36) (37) . ST131 is also broadly disseminated among diverse nonhuman sources, including companion animals, other animals, food sources, and the environment (38) (39) (40) (41) . However, the prevalence of ST131 colonization and infection is substantially greater among humans than among nonhuman hosts (42, 43) , evidence suggesting that the ST131 pandemic is primarily a human-based phenomenon.
Although ST131 first came to attention because of its association with ESBL-producing E. coli strains, in particular, those expressing CTX-M-15, most ST131 isolates in many locales are ESBL negative, but resistant to FQs, and often are coresistant to aminoglycosides and/or trimethoprim-sulfamethoxazole (4, 19, 21) . Among diverse patient groups from a variety of locales, ST131 consistently accounts for approximately 70% to 80% of FQ-resistant isolates (4, 15, (19) (20) (21) (44) (45) (46) , and for nearly two-thirds of ESBL-producing isolates (4, 15) , but for only 0% to 7% of FQsusceptible isolates (4, 15, 20) . Much of the diversity of susceptibility profiles among ST131 isolates, and possibly some of the epidemiologic and host group associations, is explained by the fine clonal structure of ST131, as discussed below.
H30 AND H30-Rx SUBCLONES OF ST131
Until recently, ST131 has been regarded primarily as a unitary entity, despite clear evidence of genetic diversity at the level of virulence gene content and pulsed-field gel electrophoresis profiles. The fine clonal structure of ST131 was recently elucidated by using multiple molecular typing methods (15, 47, 48) . This led to the identification of multiple ST131 subclones with distinctive resistance profiles and provided insights into the relative importance of horizontal gene transfer or mutation, versus clonal expansion, in the pandemic emergence of ST131 and its characteristic resistance traits.
The most prevalent subclone of ST131, called H30 because it contains the H30 variant of the type 1 fimbrial adhesin gene fimH, was identified initially through sub-ST analysis of over 1,000 historical and recent E. coli isolates (both ST131 and non-ST131) using a combination of typing strategies, including sequencing of fimH, gyrA, and parC, multilocus sequence typing (MLST), and PFGE (44) . Investigators observed that the H30 ST131 subclone comprised approximately half of all recent FQ-resistant E. coli isolates from diverse locales and sources, compared with Ͻ1% of FQ-susceptible isolates, and that the H30 lineage first appeared in 2000 and expanded abruptly thereafter. The close genetic similarity of most H30 strains suggested that they all arose from a single fimH30-carrying ancestor. This indicated that the dramatic emergence of FQ-resistant ST131 strains has been driven by clonal expansion and dissemination rather than by independent acquisition of FQ resistance genes in heterogeneous strains.
Further support for this conclusion was provided by the finding of a tight linkage between the H30 ST131 subclone and a single FQ-resistance-conferring gyrA-plus-parC allele combination, despite evidence for widespread horizontal transfer of gyrA and parC alleles among other lineages (44) . The H30 ST131 subclone was also found to be associated with combined resistance to Ն3 antibiotic classes and with CTX-M-15 (44) . A novel and rapid form of sequence typing based on sequencing of the fumC and fimH loci (called CH typing) reliably identifies H30 ST131 as clonotype CH40-30 (22, 47) and has been used in subsequent studies to detect the H30 subclone, as has a PCR-based assay that detects fimH30-specific single-nucleotide polymorphisms (SNPs) (15) .
More recently, an important sublineage within H30, called H30-Rx because of its more extensive antimicrobial resistance profile, was identified by Price et al. using whole-genome phylogenetic analysis (48) . Those investigators first analyzed 524 ST131 isolates collected between 1967 and 2011 using PFGE and found intermixing of FQ-resistant, FQ-susceptible, CTX-M-positive, and CTX-M-negative strains within the PFGE tree, suggesting frequent horizontal acquisition of FQ resistance and ESBL genes. However, when 105 of these isolates underwent whole-genome sequencing and SNP analysis to reconstruct the phylogeny of ST131, both FQ resistance and CTX-M-15 were shown to be almost entirely confined to the H30 subclone, which formed the most highly derived portion of the tree. Moreover, within H30, those H30 strains that carried CTX-M-15 formed a discrete sublineage, H30-Rx, that was separated from ESBL-negative H30 strains by 3 core genome SNPs.
These data indicate that the H30 ST131 lineage comprises a series of nested subclones, all derived from a single common FQsusceptible H30 ancestor. Within H30, the FQ-resistant subclone, i.e., H30-R, encompasses nearly all FQ-resistant ST131 isolates, whereas within H30-R, the H30-Rx subclone encompasses the vast majority of CTX-M-15-containing ST131 isolates (Fig. 1 ). This nested clonal structure results in a continuum of antimicrobial resistance among H30-associated ST131 subclones, from the most susceptible, H30 (non-R, non-Rx), to the more resistant H30-R, to the most extensively resistant, H30-Rx (17, 48) . The study by Price et al. confirmed at the whole-genome level that clonal expansion is indeed the dominant mechanism for the rising prevalence of CTX-M-15 production and FQ resistance, both in ST131 specifically and, given the prominence of ST131 among resistant E. coli strains, in E. coli generally. Petty et al. independently reported similar findings shortly thereafter (49) . The prevalence and resistance phenotypes of the H30, H30-R, and H30-Rx ST131 subclones have thus far been characterized in only a few populations. Among E. coli clinical isolates from U.S. veterans in 2011, ST131 accounted for 78% and 64%, respectively, of FQ-resistant and ESBL-producing isolates but only 7% of FQsusceptible isolates. Among these ST131 isolates, the H30 ST131 subclone (encompassing all H30, H30-R, and H30-Rx isolates) accounted for 95% to 98% of FQ-resistant or ESBL-producing isolates but only 12.5% of FQ-susceptible isolates (15) . Similarly, in a case-control study conducted in the Chicago region, approximately half of ESBL-producing E. coli isolates were ST131, and of those ST131 isolates, 98% were H30 and 92% were H30-Rx (17) . In that study, aggregate resistance scores were higher among H30 than non-H30 ST131 isolates.
Few studies have evaluated host factors associated with these important ST131 subclones. In a population-based study of consecutively collected E. coli isolates in Olmsted County, MN, the prevalence of ST131 subgroups (classified broadly as H30 versus non-H30) varied with patient age and type of infection. Specifically, non-H30 subclone ST131 isolates (encompassing isolates with fimH alleles 41 and 22 and others) were more common among young patients, whereas H30 isolates predominated among patients older than 50 years (28). Additionally, H30 ST131 was also significantly more prevalent among health-care-associated (43%) than among community-associated (11%) isolates. In a multicenter study utilizing CH typing to analyze Ͼ1,600 extraintestinal E. coli isolates, CH clonotype 40-30, corresponding to the H30 subclone of ST131, was the most prevalent clonotype overall and was statistically associated with recurrent or persistent urinary tract infections and sepsis (22) . Price et al., who further divided the H30 subclone into H30-Rx and H30-non-Rx isolates, observed that sepsis was significantly associated specifically with H30-Rx, whereas the (non-Rx) H30 and the non-H30 ST131 isolates had associated sepsis rates no different from those of non-ST131 isolates (48) . Whether these differential outcomes classified by ST131 subclone are related to pathogen or host factors is not clear.
O16 SUBCLONE OF ST131
A small subset of ST131 isolates exhibits serotype O16:H5. Such strains derive from the most basal clade with the ST131 phylogeny, well separated from the more prominent O25b:H4 ST131 clade (Fig. 1) . The O16 and O25b subsets within ST131 are identified as representing distinct STs according to the Pasteur Institute (but not the Achtman) MLST schema (50, 51) . The O16 ST131 isolates uniformly contain the fimH41 allele, whereas most O25b:H4 ST131 isolates have the fimH30 allele, a minority have fimH22, and the remainder have one of several rarer fimH alleles (12, 52) . O16 ST131 isolates also have distinct combinations of gyrA and parC alleles compared with other ST131 isolates (12, 52) . The O16 ST131 subclone is not detected by a commonly used PCR screening assay for ST131 that targets the O25 rfb variant and pabB (12) . In contrast, it is detected both by PCR amplification of a subclonespecific allele of trpA and by combined detection of the O16 rfb variant and ST131-specific alleles of mdh and gyrB (12) .
Characteristics of the O16 ST131 clade were recently described within two large clinical E. coli collections (total n ϭ 4,239). The O16 ST131 isolates accounted for 1% to 5% of the E. coli isolates from each contributing center. Additionally, comparison with a large private reference library identified O16 ST131 isolates collected from humans and pets in diverse geographic regions. O16 subclone isolates had a higher prevalence of resistance to trimethoprim-sulfamethoxazole and gentamicin than the H30 ST131 subclone isolates but a lower prevalence of resistance to FQs and ceftriaxone ( Table 1 ). The O16 ST131 isolates broadly resembled O25b:H4 ST131 isolates for virulence genotype and experimental virulence in mouse models, although in a separate study O16 ST131 isolates killed mice less rapidly than did O25b:H4 ST131 isolates (12, 52) .
BASIS FOR ST131 EMERGENCE
It is remarkable that the pandemic emergence of ST131, and specifically its H30-R and H30-Rx subclones, occurred over less than 10 years (4, 5, 44) . Reasons for the successful dissemination and expansion of ST131 remain undefined but may include higher transmissibility, a greater ability to colonize and/or persist in the intestine or urinary tract, enhanced virulence (i.e., ability to cause disease), and more-extensive antimicrobial resistance compared to other E. coli. Evidence pertaining to each of these mechanisms is discussed below.
Transmission. Multiple case reports describe seemingly efficient person-to-person transmission of ST131. Intrafamilial transmission of ST131 is suggested by the occurrence in an 8-month-old girl of septic arthritis and osteomyelitis caused by an ST131 isolate with the same PFGE profile as a FQ-resistant ST131 isolate from her mother's feces (53) . Similarly, nearly identical ST131 CTX-M-15-producing strains caused severe infections in 2 adult sisters who resided temporarily in the same home (48, 54, 55) . Likewise, in a reported father-daughter pair, the adult daughter, who had limited contact with her elderly father, visited him once while he was hospitalized for treatment of E. coli pyelonephritis and renal abscesses and used his hospital room lavatory. She subsequently developed septic shock, E. coli bacteremia, and emphysematous pyelonephritis. The two patients' infections were caused by ST131 strains with highly similar PFGE profiles, suggesting possible host-to-host transmission during the patients' brief hospital room encounter (56) . ST131 strain sharing has even been documented between 2 dogs and 3 cats within a household (57) . Regarding within-institution transmission, recent evidence suggests spread of a CTX-M-15-producing ST131 strain within a French day care center, where 7 children had intestinal colonization with the same strain (58) . At the other extreme of the age spectrum, several residents of LTCFs in Olmsted County, MN, had intestinal colonization with ST131 isolates that exhibited similar PFGE profiles, which clustered by LTCF, suggesting within-facility horizontal transmission (R. Banerjee, unpublished data). Although close person-to-person contact is known to be associated with multihost sharing of extraintestinal E. coli strains (59-62), whether ST131 is more efficiently transmitted than other E. coli strains is unknown and deserves systematic evaluation.
Colonization. Because intestinal colonization with extraintestinal E. coli is believed to be a prerequisite for extraintestinal infection (63) , it also is possible that superior intestinal colonizing ability underlies the widespread dissemination of ST131. In a mouse model of intestinal colonization, an ST131 strain outcompeted the several tested commensal strains when it was mixed with them in a 1:1 ratio and administered enterally into streptomycinpretreated mice. Although that study was limited by its evaluation of only a single ST131 strain, it provided evidence that at least some ST131 strains can efficiently colonize the intestine (64) .
It is unclear whether the prevalence or duration of intestinal colonization in humans is different for ST131 compared to other E. coli strains or for the more successful ST131 subclones (i.e., H30, H30-R, and H30-Rx) compared to other ST131 subclones (e.g., H41 and H22). In studies of the prevalence of ST131 carriage among individuals colonized specifically with ESBL-producing E. coli, ST131 colonization rates have varied greatly by patient population, from nearly 10% among healthy adults (65) and healthy mother-newborn pairs (66) to 38% among hospitalized international patients (36) and 44% among children in French day care centers (58) .
However, fewer studies have evaluated the prevalence of ST131 among "all-comer" fecal E. coli isolates, without selection for ESBL production. Kudinha et al. noted ST131 prevalence values of 0% to 4% among fecal E. coli isolates from 580 healthy children, men, and women in Australia (67) (68) (69) . In contrast, among 133 elderly residents of LTCFs in Olmsted County, MN, 24% subjects had fecal colonization with ST131 (Banerjee, unpublished). Similarly, among adult inpatients admitted to two urban hospitals in the United States who had intestinal colonization with FQ-resistant E. coli, approximately 25% were colonized with ST131 (J. R. Johnson, unpublished data). Taken together, those studies suggest that ST131 intestinal colonization rates are likely to vary by ESBL status, host characteristics, and geographic region. Comparisons with other E. coli lineages are needed to help interpret these findings.
Virulence. It is also possible that the globally increasing prevalence of ST131 among clinical isolates is occurring because ST131 strains are more virulent than other E. coli strains, giving it a fitness advantage in the pathogenic niche. However, the available molecular epidemiological, conventional epidemiological, and in vivo experimental data that bear on this question are conflicted, pointing to no clear answer. In molecular epidemiological studies, ST131 is consistently found to have a greater number of virulence factor genes (i.e., higher aggregate virulence scores) than other comparably antimicrobial-resistant E. coli strains (4, 15, 16) . Moreover, within ST131, the H30, non-H30, and H30-Rx subclones have characteristic virulence profiles that are distinct from those of non-ST131 E. coli, conceivably conferring enhanced virulence (17) . In that regard, Blanco et al. have recently used the presence of specific virulence genes to define five main virotypes within ST131 that appear to have distinct epidemiologic correlates (70) and virulence phenotypes in a mouse model, as discussed below (52) . ST131 isolates have also been noted to have a high prevalence of biofilm production, which may be an important virulence-promoting trait (67) .
Conventional epidemiological studies provide some support for the prediction of enhanced virulence of ST131 by demonstrating that ST131 is more prevalent among invasive than noninvasive E. coli isolates. In a series of studies from Australia, ST131 accounted for 30% of pyelonephritis isolates among E. coli isolates from women, versus only 13% of cystitis isolates and 4% of fecal isolates, and similar prevalence trends were seen among men and children (67) (68) (69) . Likewise, in a study from the United Kingdom, ST131 prevalence was 21% among bacteremia isolates compared to only 7% among urinary isolates (71) . Additionally, as noted above, H30 (and, specifically, H30-Rx) ST131 strains have exhibited epidemiological associations with sepsis (22, 48) .
However, all of these studies lack detailed patient-level clinical information, which is an important limitation, since host factors and portal of entry impact disease severity and outcomes of invasive E. coli infections (72) . Indeed, when investigators adjusted for host factors, no differences in cure or mortality were found between patients with infections due to ST131 and those with infections due to other E. coli strains (20) .
Studies using experimental animal models likewise do not clearly support the hypothesis that ST131 is more virulent than other E. coli strains. For example, Lavigne et al. assessed the virulence of 3 ST131 and 6 non-ST131 E. coli strains in infection models involving Caenorhabditis elegans (a nematode) and zebrafish and concluded that ST131 strains were no more virulent than non-ST131 E. coli strains (73) . Furthermore, virulence levels differed among the 3 tested ST131 strains, and a given strain's virulence was not consistent across the nematode and zebrafish models, raising questions about which, if either, model best predicts virulence in humans (73) .
Similarly, 4 different studies using mouse models to investigate ST131 virulence yielded discordant results. Using a mouse sepsis model, Clermont et al. demonstrated that the 4 studied ST131 strains were highly virulent, each killing all 10 challenged mice (74) , although this might have reflected in part the nonphysiological nature of the model, which involves the subcutaneous injection of 10 9 CFU/ml bacteria into the abdominal wall (64) . Using a similar mouse subcutaneous sepsis model, Johnson et al. assessed 61 ST131 and non-ST131 isolates and found a wide range of lethality overall, with no correlation between mouse lethality or illness severity and either ST131 status or FQ resistance (75). Mora et al. used a similar mouse subcutaneous sepsis model to assess the virulence of 23 ST131 clinical isolates and found that two-thirds of the strains were highly lethal, killing Ͼ90% of inoculated mice. Virulence levels differed by virotype, with virotypes A, B, and C (all H30 associated) being most lethal and virotypes D (H22 associated) and E (rare; H30 associated) being least lethal (52) . Lastly, Vimont et al. evaluated an ST131 strain in a mouse model of ascending urinary tract infection (64) and observed higher bladder and kidney concentrations with the ST131 strain than with the two non-ST131 comparison strains, suggesting that at least some ST131 strains may have an enhanced ability to acutely colonize the urinary tract (64, 76) .
The discrepant results from the various mouse model studies possibly can be explained by the use of different models, experimental conditions, and strains or by chance. It also is possible that current models that involve subcutaneous or transurethral inoculation, and that assess only short-term endpoints, bypass critical steps in the pathogenesis pathways where ST131 may have a fitness advantage in nature, such as vaginal or periurethral colonization, entry into or persistence within the urinary tract, or penetration into tissue or the bloodstream from a primary urinary tract source.
Resistance. Widespread use (including much misuse) of antimicrobials has likely contributed to the emergence and spread of ST131. The strong association between H30 ST131 and FQ resistance suggests that use of FQs, the most commonly prescribed antibiotics in many parts of the world, likely has driven the expansion of H30 ST131. Likewise, use of extended-spectrum cephalosporins may have driven the expansion of H30-Rx, which is strongly associated with CTX-M-15. A few in vivo studies suggest that FQ-resistant E. coli stains may not be less fit than FQ-susceptible strains and that they are able to become effective intestinal colonizers during FQ selection pressure and even after FQ withdrawal (77, 78) .
Still, why extensive antimicrobial use should select specifically for ST131 over other antimicrobial-resistant E. coli strains is not immediately apparent. Notably, compared to other resistant E. coli strains, although H30 ST131 strains have similarly (or even slightly less) extensive antimicrobial resistance profiles overall, they are more likely to be resistant specifically to first-line agents such as FQs and extended-spectrum cephalosporins. Additionally, compared with other FQ-resistant isolates, FQ-resistant H30 ST131 strains may have higher FQ MICs, thereby potentially having an advantage in the presence of FQ selection (Johnson, unpublished) .
Epidemiological evidence supports the idea of an association between antibiotic exposure and ST131 infection and colonization. For example, in a population-based cohort study, after multivariable adjustment, antecedent use of FQs and extended-spectrum cephalosporins was significantly associated with development of an ST131 infection (20) . Similarly, in several case-control studies, recent use of antibiotics was a risk factor for ESBL-producing E. coli infections (26, 31) . The high prevalence of ST131 in environments with extensive antimicrobial use, such as health care settings and LTCFs, indirectly supports the idea that antimicrobial use facilitates ST131 propagation.
CONCLUSIONS
Recent molecular epidemiologic studies utilizing advanced technologies such as whole-genome phylogenetic analysis have demonstrated that the H30 ST131 lineage emerged in 2000, followed by rapid expansion of its subclones H30-R and H30-Rx, thereby dramatically changing the population structure of E. coli. Most current FQ-resistant E. coli strains originated from a common H30-R ST131 ancestor, which gave rise to what are now the most prevalent and among the most extensively antimicrobial-resistant human-associated E. coli lineages in the world. With its combination of multidrug resistance and ecological success, H30 ST131 counters the hypothesis that increased antimicrobial resistance entails a significant fitness cost.
The explosive expansion of ST131 has important clinical implications. This expansion has been greatest in health care settings and LTCFs, which are characterized by frequently suboptimal infection control practices, numerous direct interactions among patients/occupants, and extensive antimicrobial use. This emphasizes the necessity of implementing in these settings rigorous antimicrobial stewardship programs (especially those that focus on reducing use of FQs and extended-spectrum cephalosporins) and effective infection control interventions (including hand hygiene campaigns and environmental disinfection). Because LTCF residents move frequently between community and hospital settings and are reservoirs for ST131, as well as for other multidrugresistant organisms, more research should focus on the role of LTCFs in facilitating spread of ST131 (79) . Notably, however, there is currently no evidence to suggest that active surveillance and contact isolation for ST131 among hospitalized LTCF residents would prevent ST131 spread in hospitals or be cost-effective.
To prescribe more-effective empirical antimicrobial therapy, clinicians require increased awareness about ST131 and its high prevalence and extensive antimicrobial resistance capabilities and which patients are at risk for it. However, because reliance on clinical risk factors alone may fail to identify many patients with ST131 (80), rapid diagnostic tests that can quickly detect H30 and H30-Rx are also needed (22, 81) and may lead to more-timely, better-targeted antimicrobial therapy and improved clinical outcomes. Additionally, vaccines that target H30-associated antigens, and other H30-specific interventions directed toward the intestinal tract (or, in women, vaginal colonization), may reduce the reservoir of asymptomatic individuals colonized with ST131, in turn reducing the number of infected patients.
In summary, the current global epidemic of antimicrobialresistant E. coli infections has an important clonal basis, being driven largely by the dissemination and expansion of ST131 and specifically by its nested H30-R and H30-Rx subclones. Like the proverbial new broom that sweeps clean, this cluster of newly emerged E. coli lineages has made a clean worldwide clonal sweep. The basis for the tremendous epidemiological success of these ST131 subclones is poorly understood but may include one or more of the following factors: increased transmission and/or colonization capacity, more-extensive or intense antimicrobial resistance, and enhanced virulence. Future research should address these hypotheses, through animal and human studies that assess overall transmissibility and prevalence and duration of intestinal colonization of ST131 compared to other E. coli strains and in vitro and animal studies that evaluate the molecular basis for differences in the transmission, colonization capacity, and virulence of ST131 subclones. Clinical studies are also needed to investigate the impact of specific infection control and antimicrobial stewardship interventions on ST131 prevalence (as both a commensal and a pathogen) in hospitals and LTCFs. It is only by better understanding ST131's secrets of success that we can hope to develop strategies to interrupt its continued emergence and spread.
